Introduction
============

Lymphangiogenesis, the formation of new lymphatic vessels from the preexisted ones, undergoes proliferation, migration and tube formation of the lymphatic endothelial cells [@B1], [@B2]. Growth factors, adhesion molecules, chemokines and extracellular matrix play important roles in lymphangiogenesis [@B3]-[@B5]. In comparison with blood capillaries, lymphatic capillaries begin as the dilated lymphatics with the closed ends, and lack continuous basement membrane. There are discontinuous button-like junctions between lymphatic endothelial cells. The cells are tethered to the surrounding bundles of collagen by anchoring filaments regulating the valve-like opening into the lymphatic vessel lumen. The lymphatic endothelium expresses Prox-1, podoplanin, and LYVE-1 (lymphatic vessel endothelial hyaluronan receptor-1). VEGFR-3 (vascular endothelial growth factor receptor-3) is mainly expressed on the lymphatic endothelium though its expression was observed on the endothelial cells of hepatic sinusoid and blood vessels in tumor. Lymphatic vessels drain excess fluid from the extracellular spaces, absorb lipids from the intestine, and transport leukocytes and antigen-presenting cells from inflammatory tissue to lymph nodes. Therefore, lymphatic vessels contribute to pathogenesis of various diseases involving immune and inflammatory responses and its role in disseminating tumor cells [@B6], [@B7]. Recent intense studies show important clinical implication of lymphangiogenesis in tumors and inflammatory diseases [@B6], [@B8]. Lymphangiogenesis under these pathological environments may result in tumor metastasis and graft rejection.

Lymphvasculogenesis, another form of new lymphatic vessel formation, is involved in development of the lymphatic vasculature. During early stages of development, Prox-1^+^ cells migrated from the jugular veins express VEGFR-3 and LYVE-1, and differentiate toward lymphatic endothelial cells to form the primary lymphatic vessels [@B9]. Under induction with VEGF-C and VEGF-A, embryonic stem cells may differentiate to form lymphatic vessel structures [@B10]. Recent growing evidences show that lymphatic endothelial progenitor cells (LEPCs) contribute to postnatal lymphangiogenesis. A population of CD34^+^ lymphatic/vascular endothelial precursor cells has been identified in human fetal liver, cord and periphery blood [@B11]. In patients with small cell lung cancer, VEGFR-3-positive circulating lymphatic/vascular endothelial progenitor cells increase [@B12]. Some CD34^+^ EPC-derived cells become positive for LYVE-1 after stimulation with growth factors [@B13]. EPCs are capable of incorporating into the endothelium of the growing lymphatic vessels in the cornea of mouse treated with irradiation [@B14] and the transplanted human kidney [@B15].

Moreover, EPCs differentiating towards lymphatic endothelial cells were observed at the microvessels of mouse lung [@B16]. Main biomarkers of LEPCs are expression of CD34, CD133 and VEGFR-3. Under induction with VEGF-C, the cells can differentiate into lymphatic endothelial cells via VEGFR-3 signaling. In postnatal lymphangiogenesis, LEPCs may be mobilized from bone marrow to peripheral blood, transmigrate through blood capillaries to home to the local tissue, and differentiate towards lymphatic endothelial cells that participate in formation of new lymphatic vessels.

Inhibition of lymphangiogenesis may be a powerful selective therapy for reducing lymphatic metastasis of tumor cells. RNA interference (RNAi) is the process of sequence-specific post-transcriptional gene silencing triggered by double-stranded small interfering RNA (siRNA) composed of 21-25 nucleotides. Compared with small molecule inhibitors and monoclonal antibodies, the key therapeutic advantage of RNAi lies in its ability to specifically and potently knock down the expression of disease-causing genes of known sequence [@B17]. Naked siRNA is unstable owing to nucleases in serum and cellular compartments and rapid renal clearance, leading to degradation and a short half-life. Interestingly, nanoparticles hold promise for the safe and effective intracellular delivery of siRNA [@B18]. Recently, more and more attention has focused on exploring antiangiogenic cancer gene therapy. Systemic administration of VEGF siRNA [@B19] or VEGFR-2 siRNA [@B20] in sterically stabilized nanoparticles may effectively inhibit angiogenesis and growth of tumors. It is well established that VEGFR-3 is a specific receptor of VEGF-C and VEGF-D. Upregulation of expression of VEGF-C and VEGF-D in tumor cells promotes tumor lymphangiogenesis and metastasis [@B8]. However, inhibiting VEGF-C/VEGFR-3 or VEGF-D/VEGFR-3 signaling pathway for supressing tumor lymphangiogenesis with siRNA delivered in nanoparticles remains unknown.

This investigation is designed to determine feasibility of VEGFR-3 siRNA delivery using alginate-modified polyethyleneimine (PEI) nanoparticles for inhibiting LEPC-induced lymphangiogenesis. CD34^+^VEGFR-3^+^ EPCs were isolated from mononuclear cells of human cord blood. VEGFR-3 siRNA-loaded PEI-alginate nanoparticles were characterized by dynamic light scattering and scanning and transmission electron microscopies. Toxicity and degradation of the nanoparticles in the cells were examined. After VEGFR-3 siRNA was delivered with PEI-alginate nanoparticles into the cells, inhibition of proliferation, migration and tube formation of the cells in matrix were evaluated.

Materials and methods
=====================

Isolation of EPCs
-----------------

Human umbilical cord blood was collected from placentas of healthy delivery women. This study was approved by Ethics Committee of Shanghai Health Hospital for Women and Children, the informed consents were obtained from parents of newborns. Heparin (1 × 10^3^ IU) was added into blood for preventing clotting. After blood was placed at room temperature for 30 min, mononuclear cells were isolated by density-gradient centrifugation (× 800 g, 30 min) with 1.076 Percoll solution (Amersham Pharmacia Biotech, Sweden) [@B21]. The cells were suspended in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen, NE, USA) supplemented with 10% fetal bovine serum (FBS; Gibco Invitrogen, NY, USA), 100 U/ml penicillin and 100 μg/ml streptomycin, and seeded into culture dishes pre-coated with gelatin (Sigma, CA, USA) at a density of 1 × 10^6^cells/ml. After incubation in a humidified incubator containing 5% CO~2~ at 37°C for 24 h, non-adhered cells were removed by washing with PBS. The adhered mononuclear cells were harvested with digestion in 0.25% trypsin-EDTA (Gibco Invitrogen, NY, USA), density of the cells was adjusted to 1 × 10^7^cells/ml with the medium.

The mononuclear cells were incubated with mouse anti-human CD34 antibody (1:100; Diagnostica, NJ, USA) and rabbit anti-human VEGFR-3 antibody (1:100; Santa Cruz Biotechnology, CA, USA), or mouse anti-human CD133 antibody (1:100; Diagnostica, NJ, USA) and rabbit anti-human VEGFR-3 antibody (1:100) at 4°C for 50 min. Nonspecific antigen of the cells was blocked with 5% bovine serum albumin (BSA; GE Healthcare, London, UK). After rinsing with PBS containing 1% BSA, the cells were incubated with goat anti-mouse cy3-IgG (1:200) and goat anti-rabbit FITC-IgG (1:200; Chemicon, CA, USA) at 4°C for 30 min. Following washing with PBS, the cells were suspended with DMEM supplemented with 2.5% FBS [@B22]. In the control group, the cells were only incubated with the second antibody. CD34^+^/VEGFR-3^+^cells or CD133^+^/VEGFR-3^+^ cells were analyzed, and CD34^+^/VEGFR-3^+^cells were sorted by a Beckman MoFlo^TM^ XDP FACS (Beckman Coulter, CA, USA). The cells were collected in DMEM containing 20% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. After counterstaining with 4\', 6-Diamidino-2-phenylindole (DAPI, 1:1000; Sigma), the coexpression of CD34 or CD133 and VEGFR-3 was examined with a confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany). For expansion, the sorted cells were incubated with the medium supplemented with 50 ng/ml VEGF-C (Sigma, CA, USA) [@B23]. For identification of cell differentiation, the cells induced with VEGF-C for two weeks were incubated with rabbit anti-human LYVE-1 antibody (1:100; AngioBio, CA, USA) overnight at 4°C. After washing, the cells were incubated with FITC-labeled goat anti-rabbit IgG (1:300; Jackson ImmunoResearch Laboratories, PA, USA) for 30 min at 37°C. The nuclei were counterstained with DAPI. The cells were viewed using a fluorescence microscope.

Formulation of PEI-alginate nanoparticles
-----------------------------------------

PEI-alginate nanoparticles were fabricated according to Patnaik\'s method [@B24] with minor modification. The positive charge of 25 kDa branched PEI (Sigma, CA, USA) was partially neutralized by electrostatic interaction with alginate (Sigma, CA, USA). Briefly, PEI and alginate were dissolved in the heated distilled water respectively, and then the solutions were filtered with a syringe filter (0.22 μm; Millipore, Shanghai, China). Alginate solution was added to PEI solution, their proportion is 4.8%. The mixed solution was incubated for 30 min at room temperature. PEI-alginate nanoparticle solution was stored at 4°C before use.

Determination of siRNA loading efficiency
-----------------------------------------

VEGFR-3 siRNAs (Table [1](#T1){ref-type="table"}) were designed and synthetized by GenePharma (Shanghai, China). The siRNA (1 μg) was dropped to PEI-alginate nanoparticle solution at different N/P ratios. According to weight of nitrogen in the PEI and phosphorus in the siRNA, N/P ratio was calculated with the equation: N/P ratio = 7.75 × PEI (μg)/siRNA (μg). For formation of PEI-alginate/siRNA nanocomplexes, the suspension was vibrated gently and incubated for 30 min at room temperature. For determining siRNA loading efficiency, the nanocomplexes were mixed with loading buffer containing tracking dye (bromphenol blue, 1:9). The mixed liquor was added into the well of 1% agarose gel and electrophoresed at 100 V for 30 min in Tris-acetate-EDTA buffer (pH 8.3) containing ethidium bromide. The bands binding to the siRNA were visualized under a UV transilluminator at a wavelength of 365 nm, the images were analyzed with a software (Furi Science & Technology, Shanghai, China). The size and zeta potential of the nanocomplexes were measured using a dynamic light scatter (Santa Barbara, CA, USA). The results of nanocomplex measurement were compared with that of the PEI-alginate nanoparticles without siRNA.

Cell transfection with VEGFR-3 siRNA
------------------------------------

For detecting transfection of siRNA loaded with PEI-alginate nanoparticles into the cells, siRNA was labeled with 5-carboxyfluorescein (Sigma, CA, USA). The sorted EPCs were seeded in 24-well culture plate at a density of 1 × 10^5^ cells/well and incubated for 24 h. The nanocomplexes containing siRNA or negative control FAM-siRNA (Table [1](#T1){ref-type="table"}) were diluted with serum-free DMEM as transfection solution. After treatment with transfection solution for 4 h, the solution was replaced with fresh complete medium, the cells continued to be incubated for 48 h [@B25]. The cells transfected by siRNA labeled with FAM were examined with a fluorescence microscopy. The experiment was repeated at least thrice. Efficacy of transfection was evaluated as number of the positive cells. For selecting the most effective VEGFR-3 siRNA, the cells were transfected with three synthesized siRNAs respectively with same method above.

Cytotoxicity assay of nanocomplexes with different N/P ratios
-------------------------------------------------------------

Cytotoxicity of PEI-alginate/siRNA nanocomplexes was examined by MTT (methylthiazolyldiphenyl-tetrazolium bromide; Sigma, CA, USA) assay. The cells were seeded in 96-well plate at density of 5 × 10^3^ cells (150 μl medium). After incubation for 24 h, the cells were treated with the nanocomplexes containing negative control siRNA with different N/P ratios for 4 h. Then, the medium was replaced, the cells continued to be incubated for 20 h. The cells treated with PEI/siRNA complexes were taken as the control. After adding of MTT solution (5 mg/ml), the cells were incubated for 4 h. Following removal of the medium containing MTT, 150 μl dimethylsulfoxide (DMSO; Sigma, CA, USA) was added to dissolve formazan crystal formed by live cells. The absorbance was measured at 540 nm with an absorbance microplate reader (BIO-RAD, Hercules, CA, USA). The assay was repeated thrice. Cell viability was calculated by the equation: cell viability (%) = \[OD~540~(sample)/OD~540~(control)\] × 100%. Changes of cell viability in PEI-alginate/siRNA group were compared with PEI/siRNA group.

RT-PCR assay
------------

For selecting the most effective siRNA in interfering expression of VEGFR-3 gene, expression of VEGFR-3 mRNA in the cells transfected with different siRNAs was examined with semi-quantitative reverse transcription-PCR (RT-PCR) using a one-step RT-PCR kit (BestBio, Shanghai, China). Preparation of PEI-alginate/siRNA nanocomplexes (N/P = 16) and transfection of the cells were performed as above. Total RNA of the cells was extracted using TRIzol reagent (Invitrogen, NE, USA) as the manufacturer\'s protocol. The mRNA levels were normalized using GAPDH as a housekeeping gene. RT-PCR was carried out as the following thermal cycling conditions: cDNA synthesis; 1 cycle 55°C for 30 min, denaturation; 1 cycle 94°C for 2 min, PCR amplification; 35 cycles at 94°C for 60 s, at 60°C for 60 s, and at 65°C for 60 s, final extension; 1 cycle 65°C for 10 min. The PCR primers for detecting human VEGFR-3 (forward: 5′-AGCCATTCATCAACAAGCCT-3′, reverse: 5′-GGCAACAGCTGGATGTCATA-3′) and human GAPDH (forward: 5′-TGAAGGTCGGAGTCAACGGATTTGGT-3′, reverse: 5′-CATGTGGGCCATGAGGTCCACCAC-3′) were synthesized by Sangon Biotech (Shanghai, China). The sizes of the PCR products for VEGFR-3 and human GAPDH were 298 bp and 983 bp respectively. The PCR products were separated in a 1% agarose gel by electrophoresis and visualized by staining with ethidium bromide. The images were analyzed by gel image analysis system (Furi Science & Technology, Shanghai, China). The most effective siRNA (VEGFR-3 siRNA \#1; Table [1](#T1){ref-type="table"}) was used in the following experiment of VEGFR-3 mRNA inhibition.

Scanning and transmission electron microscopy
---------------------------------------------

The cells were seeded on coverslips and treated with PEI-alginate nanoparticles loading VEGFR-3 siRNA for 2 h. Then, the cells were fixed with 2.5% glutaraldehyde, dried under vacuum and coated with gold-palladium. Features of the nanocomplexes and phagocytosis of the nanocomplexes by the cells were examined with a scanning electron microscopy (FEI QUANTA200, Philips, DA Best, The Netherlands).

For examining degradation of the nanocomplexes, the cells on coverslips were treated with the nanocomplexes for 2 h, 4 h and 6 h respectively. The cells obtained *in situ* were fixed with 2.5% glutaraldehyde at 4°C, and then with l% osmium tetroxide. After being dehydrated with gradient alcohol, soaked with anhydrous acetone and Spurr resin, the cells were embedded with Spurr resin. Ultrathin sections were prepared with Reichert-ultracut E ultrathin microtome (Leica, St. Gallen, Switzerland), and then stained with 3% uranyl acetate and lead citrate [@B26]. The distribution of the nanocomposites in the cells was viewed by a CM120 transmission electron microscope (Philips, Eindhoven, Holland). Degradation of the nanocomposites was examined.

Detection of cell viability
---------------------------

Viability of the cells treated with PEI-alginate/siRNA nanocomplexes (N/P = 16) was determined with MTT assay as above. After treatment with the nanocomplexes for 4 h, the medium was changed with fresh medium. Then, the cells were incubated for 12 h, 24 h, 36 h, 48 h, and 72 h respectively. The untreated cells were taken as control with 100% viability, the wells without addition of MTT were used as blank to calibrate the spectrophotometer to zero absorbance.

PCNA staining
-------------

The cells were divided into control, VEGF-C, nanoparticle (without siRNA) and nanocomplex groups. In VEGF-C group, the cells were incubated with the medium supplemented with 50 ng/ml VEGF-C. In nanoparticle and nanocomplex groups, the cells under induction with VEGF-C were treated with the nanoparticles and nanocomplexes for 4 h respectively. Then, the medium was exchanged to remove excess nanoparticles or nanocomplexes, and the cells continued to be incubated with the medium supplemented with 50 ng/ml VEGF-C for 20 h. The cells were fixed with 4% paraformaldehyde for 30 min, and then treated with 30% hydrogen peroxide and 100% methanol (1:5) for 30 min to inactivate endogenic peroxidase. Heterogenetic antigen in the cells was blocked with BSA. Subsequently, the cells were incubated with PCNA (proliferating cell nuclear antigen) IgG2a (1:100; Boster Bio, Wuhan, China) overnight at 4°C, and then incubated with cy3-labeled goat anti-mouse IgG (1:100) for 20 min at 37°C. PCNA presents in the early G~1~ and S phases of the cell cycle and serves as an excellent maker of proliferating cells [@B27]. The cells expressing PCNA were examined with a fluorescence microscope.

Migration assay
---------------

The cells were divided into four groups as above. In the nanocomplex group, the cells were treated with the nanocomplexes for 24 h and then collected with digestion in 0.25% trypsin-EDTA. The suspension of the cells (1 × 10^6^cells/ml) was added into the upper chamber of 12-well format of cell culture inserts (Becton Dickinson, France). In the lower chamber, the medium containing 50 ng/ml VEGF-C was added. Diameter of the pores in the membrane is 8 µm. After incubation for 24 h, the cells on the membrane were fixed with 100% methyl alcohol, and then stained with 10% Giemsa solution. The cells migrated into the lower chamber were counted using an optical microscope in five fields for each well. The experiment was repeated in triplicate.

Tube formation assay
--------------------

The cells induced with 50 ng/ml VEGF-C for 10 days were used in this experiment. The cells were divided into four groups as above. In the nanocomplex group, the cells were treated with the nanocomplexes for 24 h and collected as above. Matrigel basement membrane matrix (BD Biosciences, NJ, USA) was diluted with serum-free DMEM (1:1). Matrigel matrix (0.5 ml/ well) was added into 24-well culture plate, and allowed to gel at 37^o^C for 10 min. Then, the cells were seeded on the gel at density of 2 × 10^5^ cells/well and incubated in the medium containing 50 ng/ml VEGF-C for 24 h. Capillary-like structures organized by the cells were viewed and photographed using a phase contrast microscope (Nikon, Japan). Five representative fields were selected randomly. Length and area of the structures were measured with Image-pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA). The experiment was performed in triplicate.

Statistical analysis
--------------------

All experiments were performed at least in triplicate. Data are expressed as the means ± standard deviation. To analyze the data statistically, Student\'s t-test and one-way analysis of variance with Scheffe\'s post hoc multiple-comparison analysis were performed. A value of p \< 0.05 was considered to be statistically significant.

Results
=======

Characteristics of CD34^+^VEGFR-3^+^ EPCs
-----------------------------------------

In analysis with flow cytometry, number of CD34^+^VEGFR-3^+^ and CD133^+^VEGFR-3^+^ cells were 0.7% and 0.49% respectively in the mononuclear cells isolated from umbilical cord blood (Fig. [1](#F1){ref-type="fig"}A). The results of immunostaining showed that VEGFR-3^+^ cells expressed CD34 and CD133 (Fig. [1](#F1){ref-type="fig"}B). The fresh sorted CD34^+^VEGFR-3^+^ cells were round. At day 3 after induction with VEGF-C, some cells represented spindle-shape or polygon-shape. At day 7, the most cells are long spindle-shaped, and some cells proliferated into colonies (Fig. [1](#F1){ref-type="fig"}C). At day 14 after induction with VEGF-C, the cells expressed lymphatic endothelial maker LYVE-1 (Fig. [1](#F1){ref-type="fig"}D).

siRNA loading and cytotoxicity of the nanocomplexes
---------------------------------------------------

Gel retardation assay showed efficiency of siRNA loading in PEI-alginate nanoparticles increased following increase of N/P ratio. In our experiments, N/P ratio of PEI-alginate/siRNA nanocomplexes was determined 16 as desirable siRNA loading (Fig. [2](#F2){ref-type="fig"}A). The mean size and surface charge of PEI-alginate nanoparticles (N/P = 16) are 89.1 ± 55 nm and 9.04 ± 1.5 mV respectively. After loading with VEGFR-3 siRNA, the nanoparticles became larger (139.1 ± 70 nm), their surface charges decreased (7.56 ± 1.1 mV). Results of MTT assay showed that cell viability after treatment with the nanocomplexes decreased as N/P ratio increased. After treatment with nanoparticles for 24 h, cell viability is higher in PEI-alginate/siRNA group than PEI/siRNA group significantly. This result indicates that cytotoxicity of PEI-alginate nanoparticles is lower than PEI nanoparticles (Fig. [2](#F2){ref-type="fig"}B).

Expression of VEGFR-3 mRNA after VEGFR-3 siRNAs transfection
------------------------------------------------------------

After transfection with VEGFR-3 siRNAs (Table [1](#T1){ref-type="table"}) delivered with PEI-alginate nanoparticles for 4 h, the level of VEGFR-3 mRNA expression in the cells was examined with RT-PCR. In three VEGFR-3 siRNAs, VEGFR-3 siRNA \#1 was most effective for inhibiting expression of VEGFR-3 mRNA in the cells (Fig. [3](#F3){ref-type="fig"}). The nanocomplexes loading VEGFR-3 siRNA \#1 were applied in the experiments of inhibiting viability, proliferation, migration and tube formation the cells.

Uptake and degradation of the nanocomplexes
-------------------------------------------

After exposing to PEI-alginate/siRNA nanocomplexes for 2 h, the morphological characteristics of the cells phagocytizing the nanocomplexes were examined with scanning electron microscopy. Many round and smooth nanocomplexes adhered to cell membrane, some nanocomplexes were engulfed by the cells (Fig. [4](#F4){ref-type="fig"}A). Cup-like protrusion phagocytizing the nanocomplex was not observed. In examination with transmission electron microscope, some nanocomplexes were phagocytized into the cells after incubation for 2 h. At 4 h after incubation, the most nanocomplexes entered the cells. At 6 h, some nanocomplexes in the cells were degraded, and apoptotic cells were not found (Fig. [4](#F4){ref-type="fig"}B).

Changes of cell viability after transfection of VEGFR-3 siRNA
-------------------------------------------------------------

The cells were treated with PEI-alginate nanoparticles or PEI-alginate/siRNA nanocomplexes (N/P = 16) for 4 h and then continued to be incubated for 12, 24, 36, 48 and 72 h respectively. Compared with PEI-alginate nanoparticle group, cell viability of PEI-alginate/siRNA nanocomplex group decreased. Differences in cell viability between control group and PEI-alginate nanoparticle group were not significant (Fig. [5](#F5){ref-type="fig"}).

Changes of cell proliferation after VEGFR-3 siRNA transfection
--------------------------------------------------------------

Under induction with VEGF-C, the cells were treated with PEI-alginate/siRNA nanocomplexes for 4 h. After the medium was exchanged, the cells continued to be incubated for 20 h. The cells were stained with anti-PCNA antibodies. PCNA expression of the cells increased after induction with VEGF-C. Compared with the VEGF-C and nanoparticle groups, PCNA expression of the cells in the nanocomplex group decreased significantly (Fig. [6](#F6){ref-type="fig"}).

Changes of cell migration after VEGFR-3 siRNA transfection
----------------------------------------------------------

Under stimulation with VEGF-C, the cells in the upper chamber may migrate into the lower chamber through the pores of the membrane of the insert. After treatment with VEGF-C for 24 h, the migrated cells were examined. The migrated cells in the nanocomplex group were less significantly than ones in VEGF-C and nanoparticle groups (Fig. [7](#F7){ref-type="fig"}).

Tube formation of the cells after VEGFR-3 siRNA transfection
------------------------------------------------------------

After incubation for 24 h, the cells could organized into capillary-like structures in Matrigel basement membrane matrix. Degree of tube formation of the cells was evaluated with length and area of the structures. In the nanocomplex group, tube formation was inhibited (Fig. [8](#F8){ref-type="fig"}). Compared with VEGF-C group, length and area of the tubes in nanocomplex group were less significantly (Table [2](#T2){ref-type="table"}).

Discussion
==========

The results of our experiments demonstrate that VEGFR-3 siRNA delivered with PEI-alginate nanoparticles inhibit significantly VEGF-C/VEGFR-3 signaling pathway in CD34^+^VEGFR-3^+^EPCs. Under induction with VEGF-C, CD34^+^VEGFR-3^+^ cells sorted from mononuclear cells isolated from human umbilical cord blood have a potential to differentiate toward lymphatic endothelial cells and then form capillary-like structures in Matrigel matrix. After transfection of VEGFR-3 siRNA delivered in PEI-alginate nanoparticles, the cells can not differentiate into lymphatic endothelial cells, viability of the cells decreases. With inhibition of VEGFR-3 mRNA by VEGFR-3 siRNA loaded in PEI-alginate nanoparticles, lymphangiogenetic behaviors of the cells derived from CD34^+^VEGFR-3^+^cells such as proliferation, migration and lymphatic formation are suppressed significantly. Therefore, VEGFR-3 may be regarded as a key biological marker of LEPCs. VEGF-C/VEGFR-3 and VEGF-D/VEGFR-3 signaling pathways play important roles in lymphangiogenesis under pathological conditions [@B28]. In graft mouse models, VEGF-C siRNA and VEGF-D siRNA transfected with lentivirus vectors inhibit lymphangiogenesis and lymphatic metastasis of breast tumor [@B29] and gallbladder cancer [@B30] respectively. Because VEGFR-3 is specifically expressed on LEPCs and mature lymphatic endothelial cells [@B31], it may be a novel therapeutic RNAi target of inhibiting lymphangiogenesis for reducing tumor metastasis. Further studies are needed to understand effects of PEI-alginate/VEGFR-3 siRNA nanocomplexes on inhibiting tumor lymphangionenesis and lymphatic metastasis of tumor cells.

Our findings provide the first evidence that VEGFR-3 mRNA targeting with siRNA delivery into the cells is effective for inhibiting behaviors of EPC lymphangiogenesis. Antibodies to VEGFR-3 have been applied for targeting inhibition of VEGFR-3 signaling. Systemic administration of monoclonal antibody to VEGFR-3 prevents lymphangiogenesis in skin healing and breast cancer models [@B32]. Inhibition of VEGFR-3 activation with specific antagonist antibodies suppresses lymphangiogenesis and metastasis to regional lymph nodes and lungs [@B33]. Blockade of VEGFR-3 by monoclonal antibodies reduces tumor lymphangiogenesis, lymphatic metastasis and lung metastasis [@B34]. However, antibodies to VEGFR-3 may cause immune reaction in systemic administration. Moreover, soluble VEGFR-3 expressed in adenovirus, which blocks VEGFR-3 signaling through binding VEGF-C and VEGF-D, is effective for inhibiting tumor lymphangiogenesis and lymphatic metastasis [@B35]-[@B37]. Intravenous administration of adenoviruses expressing soluble VEGFR has been shown to cause severe side effects [@B38]. Therefore, VEGFR-3 mRNA targeting with PEI-alginate/siRNA nanocomplexes will be an effective strategy for inhibiting tumor lymphangiogenesis.

Data in this study show that PEI-alginate nanoparticle is a useful vector for efficient loading and cytoplasmic delivery of VEGFR-3 siRNA. PEI is an organic molecule with a high cationic charge-density potential based on the presence of multiple amino groups within its backbone, and can spontaneously adhere to and condense siRNA to form toroidal nanoparticles [@B39]. PEI nanoparticles are easily internalized into the cells by electrostatic interaction between their positive changed polymer and negative charged cell membrane and by cell endocytosis. PEI has buffering capacity to pump additional protons into the lysosome along with the concurrent influx of CI^-^ to maintain charge neutrality. Finally, increase of ionic strength causes swelling and rupture of the lysosome, resulting in the escape of siRNA from the degradation in lysosome [@B40], [@B41]. Under the culture conditions of our experiments, some PEI-alginate/siRNA nanocomplexes are phagocytized by the cells at 2 h, most nanocomplexes enter the cells at 4 h, and some nanocomplexes are degraded at 6 h after addition into the medium. PEI (25 kDa) nanoparticles may induce membrane damage and initiate apoptosis [@B42]. Cytotoxicity of PEI is attributed to terminal-NH~2~ groups and multiple cationic charges. Alginate, a linear anionic polysaccharide, has been used as a safe material for DNA delivery [@B43], [@B44]. It can reduce PEI toxicity by neutralizing positive charge of PEI. Cell toxicity of PEI (25 kDa)-alginate (4.8%) nanoparticles is almost negligible, the nanocomposite displays higher efficiency for DNA and siRNA transfection [@B24]. In our experiments, cytotoxicity of PEI-alginate nanoparticles is lower than PEI nanoparticles in delivering VEGFR-3 siRNA. When N/P ratio is 16, siRNA loading in PEI-alginate nanoparticles is desirable, while toxicity of the nanoparticles is not obvious. These results indicate that alginate may reduce greatly PEI cytotoxicity. When PEI-alginate nanoparticles are bound to VEGFR-3 siRNA, their positive charge on the surface is decreased. The mean charge and size of PEI-alginate/siRNA nanocomplexes (N/P = 16) are 7.56 mV and 139.1 nm respectively. Recently, PEI/siRNA complexes have been administrated systemically or locally at animal disease models [@B44]. The focus of future work should be to define distribution and degradation of PEI-alginate/siRNA nanocomplexes in tumors.

In summary, VEGF-C/VEGFR-3 signaling pathway is involved in differentiation and lymphangiogenesis of CD34^+^VGFR-3^+^ EPCs. VEGFR-3 implies as a potential target for inhibiting tumor lymphangiogensis. PEI-alginate nanoparticle is effective vector for delivering VEGFR-3 siRNA. Delivery of VEGFR-3 siRNA with PEI-alginate nanoparticles may be a potential therapy for inhibiting tumor lymphangiogensis and suppressing lymphatic metastasis and graft rejection.
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![Characteristics of CD34^+^VEGFR-3^+^ EPCs. (A) There are CD34^+^VEGFR-3^+^ cells and CD133^+^VEGFR-3^+^ cells in the mononuclear cells isolated from umbilical cord blood. The cells were analyzed with a flow cytometer. (B) In immunostaining, VEGFR-3^+^cells express CD34 and CD133. (C) Features of CD34^+^VEGFR-3^+^ EPCs. After treatment with 50 ng/ml VEGF-C, the cells proliferate, the shape of the cells changes. (D) Expression of LYVE-1 on the differentiated cells. At day 14 after induction with VEGF-C, the cells are positive for LYVE-1 immunostaining. Bars = 25 μm.](ijbsv10p0160g001){#F1}

![Characteristics of PEI-alginate nanoparticles in loading VEGFR-3 siRNA. (A) siRNA loading in the nanoparticles. The negative control siRNA was loaded with the nanoparticles with different N/P ratios. It is desirable for siRNA loading that N/P ratio is 16. (B) Viability of the cells after treatment with the nanoparticles loading negative control siRNA with different N/P ratios. Cell viability was determined with MTT assay after treatment for 24 h. \**p* \< 0.05, \*\**p* \< 0.01 versus N/P ratio = 1 group (PEI/siRNA group); \#*p* \< 0.05, \#\#*p* \< 0.01 versus N/P ratio = 1 group (PEI-alginate/siRNA group); †*p* \< 0.05 versus PEI/siRNA group. n = 3.](ijbsv10p0160g002){#F2}

![Inhibition of VEGFR-3 mRNA expression after treatment with PEI-alginate/siRNA nanocomplexes. (A) Expression of VEGFR-3 mRNA. The cells were transfected with VEGFR-3 siRNA for 4 h. Inhibition of VEGFR-3 mRNA expression was analyzed with RT-PCR. Compared with VEGFR-3 siRNA \#2 and VEGFR-3 siRNA \#3, VEGFR-3 siRNA \#1 inhibits expression of VEGFR-3 mRNA in the cells significantly. (B) Statistic results of VEGFR-3 mRNA expression. \**p* \< 0.05, \*\**p* \< 0.01 versus the control group. n = 5.](ijbsv10p0160g003){#F3}

![Microphotographs of the cells treated with PEI-alginate/siRNA nanocomplexes. (A) Scanning electron microphotograph of the cell phagocytizing the nanocomplexes. Round nanocomplexes (arrowheads) adhere to cell membrane. Some nanocomplexes are phagocytized into the cell (arrows). N, free nanoparticle carrying siRNA. Bar = 2 μm. (B) Transmission electron microphotographs of the cells treated with the nanocomplexes. The nanocomplexes (arrows) are phagocytized into the cell after incubation for 2 h and 4 h. At 6 h, the nanocomplexes (arrows) in the cell are degraded. Bar = 1 μm.](ijbsv10p0160g004){#F4}

![Viability of the cells after transfection with VEGFR-3 siRNA in PEI-alginate nanoparticles. Cell viability was analyzed with MTT assay. After treatment with PEI-alginate/siRNA nanocomplexes (N/P = 16), viability of the cells decreases significantly. \**p* \< 0.01 versus control and PEI-alginate groups; \#*p* \< 0.05 versus PEI-alginate group. n = 3.](ijbsv10p0160g005){#F5}

![PCNA expression of the cells transfected with VEGFR-3 siRNA. (A) Microphotographs of PCNA expression in the cells. The cells were treated with PEI-alginate/siRNA nanocomplexes for 4 h. After removing excess nanocomplexes with medium exchange, the cells continued to be incubated for 20 h. Under VEGF-C induction, PCNA expression in the cells treated with the nanocomplexes decreases. Bar = 20 μm. (B) Statistic results of PCNA expression. The fluorescence density of the cells treated with the nanocomplexes decreases obviously. \*\**p* \< 0.01 versus control group; \#*p* \< 0.01 versus VEGF-C group; †*p* \< 0.01 versus nanoparticle group. n = 3.](ijbsv10p0160g006){#F6}

![Transmigration of the cells after treatment with PEI-alginate/siRNA nanocomplexes. The cells treated with the nanocomplexes for 24 h were seeded on the membrane of the insert, 50 ng/ml VEGF-C was added into the lower chamber. After incubation for 24 h, the cells on the membrane were stained with Giemsa solution, the migrated cells were counted. (A) Photographs of the cells on the membrane in the same field. The cells were focused in the upside (left graph) and underside (right graph) of the membrane respectively. Arrow, empty pore; Arrowhead, the cell migrated to underside of the membrane. M, the migrating cell through pore; Bar = 1 μm. (B) Statistic analysis of the migrated cells. In the nanocomplex group, the migrated cells are less. \*\**P*\< 0.01 versus contro1; \#*p \<*0.05 versus VEGF-C group; †*p* \< 0.05 versus nanoparticle group.](ijbsv10p0160g007){#F7}

![Capillary-like structures formed by the cells in Matrigel basement membrane matrix. The cells were treated with the nanocomplexes for 24 h and then seeded on the Matrigel in 24-well culture plate. The capillary-like structures formed by the cells in the nanocomplex group (D) are less than that in the control (A), VEGF-C (B) and nanoparticle (C) groups. Arrows indicate the tubes; Bar = 50 μm.](ijbsv10p0160g008){#F8}

###### 

Sequences of VEGFR-3 siRNAs.

  -------------------------- ------------------------------------------
  VEGFR3-homo-3826 (No. 1)   Sense: 5\'-CCAGGAUGAAGACAUUUGATT-3\'
                             Antisense: 5\'-UCAAAUGUCUUCAUCCUGGTT-3\'
  VEGFR3-homo-2457 (No. 2)   Sense: 5\'-CUCCUCAUCUUCUGUAACATT-3\'
                             Antisense: 5\'-UGUUACAGAAGAUGAGGAGTT-3\'
  VEGFR3-homo-483 (No. 3)    Sense: 5\'-GAGCAGCCAUUCAUCAACATT-3\'
                             Antisense: 5\'-UGUUGAUGAAUGGCUGCUCTT-3\'
  Negative control siRNA     Sense: 5\' -UUCUCCGAACGUGUCACGUTT-3\'
                             Antisense: 5\'-ACGUGACACGUUCGGAGAAAT-3\'
  -------------------------- ------------------------------------------

###### 

Total length and area of capillary-like structures formed by the cells derived from CD34^+^VEGFR-3^+^ EPCs.

  Group                   Length (mm/cm^2^)   Area (mm^2^/cm^2^)
  ----------------------- ------------------- --------------------
  control                 76.68 ± 6.82        4.80 ± 0.56
  VEGF-C                  188.9 ± 16.36\*     12.86 ± 1.12\*
  Nanoparticle + VEGF-C   152.9 ± 16.36\*     10.49 ± 1.33\*
  Nanocomplex + VEGF-C    63.86 ± 4.62^\#†^   3.62 ± 0.78^\#†^

\**p*\< 0.01 vs the control group; *^\#^p*\< 0.01 vs VEGF-C group; ^†^*p*\< 0.01 vs nanoparticle group.
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